Abstract. The multiple-injection fuel mass fluctuation play a major role in precise controlling of multiple-injection in the high pressure common rail (CR) system. In order to obtain a deep insight into the multiple-injection fuel fluctuation phenomena, a common rail mathematical model was developed, including three sub-models for the hydraulics, the mechanics, and the electro-magnetic. For multiple injection events, Fundamental aspects of CR system dynamics were investigated, especially the water hammer pressure wave influences on multiple-injection fuel mass fluctuation. The mechanism of different multiple-injection fuel mass fluctuation characteristic among multiple-injections was investigated and explained by numerical procedure.
Introduction
In overall view of engine operations, fuel injection performance strongly affects liquid jet atomization and spray dynamics, thus impacting on mixture preparation and therefore on emission production [1] [2] [3] . The computed-controlled high-pressure common rail technology opens a number of new possibilities to optimize the injection performance: injection timing, injected fuel mass, and injection pressure independently of the engine speed. This together with the advanced higher injection pressures and multiple-injection give rise to different characteristics of the fuel spray in the engine, thus allowing improved performances and reduced emissions.
In common rail system, due to the water hammer pressure wave induced by injection, the required accuracy and repeatability in the amount of fuel injected at each pulse when the dwell time varies is worsened. And it also worsens engine performances and emissions. The main objective in this work is to study the relationships between pressure wave and multiple-injection fuel mass fluctuation, and the mechanism of different multiple-injection fuel mass fluctuation characteristic among multiple injections.
Experimental Facility
For investigation, a high performance test bench instrumented for fluid dynamic characterization of high-pressure electronically controlled fuel injection systems was applied. The hydraulic layout of the considered system is shown in Fig.1 (a) , a second generation Bosch CR system was installed on the bench, including: a radial piston pump of displacement 550mm 3 /rev; ISO 4113 oil; a common rail accumulator (volume 20 cm 3 ); four 60 cm length high pressure injector inlet pipes (internal diameter 2 mm); four solenoid injectors. IFR (Injection Flow and Rate) EFS 8420 used to take injector flow rate traces; a high fuel pressure piezoresistive transducer Kistler Type4067-A2000 used to measure instantaneous injector inlet pressure in the pipe.
The Common Rail injector is a vital component within the system, regulating precise injection timing and the exact amount of fuel controlled by ECU. Fig 1(b) 
Common Rail Mathematical Model
The common rail system model is structured in three sub-models for the hydraulics, the mechanics, and the electro-magnetic.
Hydraulic Sub-model
The schematic of the hydraulic system is basically made up of chamber elements and pipe elements. In the chambers, pressure and temperature take uniform values that depend only on time, i.e., volumes with all the characteristic dimensions of the same order. In the pipes, volumes with one dimension prevailing over the others, the thermo fluid dynamic properties are allowed to vary with both time and axial coordinate, on the basis of a 1D approach. Since the rail is a tubular element, which is supplied with oil by the pump and delivers the oil to the injectors through pressure pipes, it was modeled as a set of chamber elements.
Pipe-Flow Governing Equations. Based on one dimensional mass continuity and momentum-balance equations, the hydraulic transient pipe-flow model equations for a constant cross section area pipe element, are written in the divergence form [4] [5] [6] [7] :
Where t is the time variable and x is the spatial variable along the pipe axis; ρ, u, and p are the average cross-sectional density, flow rate velocity, and pressure of the liquid, D is the internal diameter of the pipe. Due to the presence of impulsive phenomena, giving rise to high-frequency pressure oscillations, the wall shear stress τ w was modeled according to the following expression:
The total wall shear stress τ w is regarded herein as the sum of two components: where 8
is the stationary part of τ w evaluated using the Darcy-Weisbach friction coefficient f;
is the non-stationary part, represents the unsteady frequency dependent component of τ w . The weighting function W is a function of t:
,Re is the actual Reynolds number. Taking account of the thermal effects due to the liquid fuel compressibility, which can play a significant role in high pressure injection-system simulation, the energy conservation equation can be written in the following divergence form [8] :
h 0 is the total enthalpy per unit mass of the fluid system, is the heat transfer rate per unit mass from the pipe boundaries to the system, u are the average cross-sectional velocity and w l is the viscous power dissipation per unit mass within the system. Taking no account of fluid kinematic viscosity, the expression of the pressure wave propagation speed follows:
Taking fluid kinematic viscosity into account, obtains:
Where k is the isothermal bulk modulus of elasticity of the fluid; ν is kinematic viscosity, ρ is the fluid density; D, r, e, l, E were internal diameter, radius, wall thickness, length, the Young's modulus of elasticity of pipe.
Chamber Thermodynamic Equations. The main Chambers of the injector include rail, control volume, delivery chamber and mini-sac volume. With reference to any chamber j in the mathematical model, the mass conservation equation writes:
where Q in,j and Q out,j are the volumetric flow rates coming into and going out of the chamber j, respectively; V j is the chamber volume and ρ j is the density of the fluid in the chamber. When a restricted presenting a discharge area A is located between the two chambers j and j+1, the volumetric flow rate Q through the discharge area can be expressed by:
Where A is the discharge area, C d is discharge flow coefficient, determined as the ratio of the actual flow rate discharged and the ideal one evaluated on the pressure difference across the nozzle.
Mechanical Sub-Model
Nozzle needle, control plunger and pilot-valve pin-ball were modeled as two degree of freedom mechanical systems, whose behavior is described by Newton's dynamic equilibrium equations written as follows:
Where ∑F f is hydraulic force, F s is spring force, F δ is damper force, l is axial lift, The elastic deformation of the plunger needle assembly under the effect of the forces caused by the fuel pressure is taken into account.
Electromagnetic Sub-Model
The electrical behavior model of the control circuit has been set up to predict the magnetic force F m acting on control valve. The electrical current through the solenoid profile is the input parameter. One obtains: 
Where i is the electrical current through the solenoid, N is the solenoid turns, δ qx the gap between the magnet and the anchor, µ 0 the magnetic constant and S δ the cross sections of the magnetic circuit. 
Model Validation

Results and Analysis
Experiment Results
Dwell time (DT) is the time interval between the end of the first-injection current signal and the start of the second-injection current signal. Figure 3 illustrates the experimental injected mass for the first and the second injections as functions of DT in cases of 2 time injections. The first injection ET1 is kept constant at 0.4ms, and the second injection ET2 is 0.6ms at nominal rail pressure prail=100MPa.
It is evident that the first injection mass (m1) keeps fairly constant (4.3mg) with DT, m1 equals to single injection mass of ET0.4ms at 100MPa; whereas the second injection fuel mass (m2) shows sensible oscillations around the average 14.2mg (equal to single injection mass of ET0.6ms at 100 MPa) as DT varies. Fig. 4 illustrates comparison of experimental inject pressure, flow rate and electrical signal for DT1.3 and DT2.5, which correspond to a minimum (8.4mg) and maximum injected mass(17mg) in Fig. 3 ) based the second injection ET, shows sensible differences in the inject pressure, flow rate in the second injection process between DT 2.5 and DT1.3. In case DT2.5, the injection duration (0.96ms) is longer and the maximum flow rate (30.56mg/ms) is higher than that in DT1.3(0.81ms, 22.63 mg/ms). Both longer injection duration and higher flow rate lead to maximum injected mass in DT2.5. Deeper analysis of injected mass fluctuation can be made through numerical simulation results of injector dynamics. Figure 5 , plots comparison of numerical pressure time distributions of the control chamber (7 in Fig.1(b) ) pressure p cc and delivery chamber (10 in Fig.1(b) )pressure p dc , as well as difference between p dc and p cc for DT1.3 and DT2.5. Due to the delays of pilot-valve pin-ball in the response of electric circuit are very similar, the control chamber pressure p cc start to decrease at almost the same time (0.2ms) for DT1.3 and DT2.5, but the transient pressure drop of p dc and p cc are obviously different. In fact, the difference value of p dc and p cc must over 30MPa, so that the resulting pressure force on the control plunger (8 in Fig.1(b) ) and the nozzle needle (11 in Fig.1(b) ) overcomes the spring preload and friction to move upward. Fig. 4(b) shows that the difference value of p dc and p cc increases with inlet pressure. The time for the difference value of p dc and p cc up to 30MPa is earlier for DT2.5 than DT1.3, and the difference value is higher in injection process for DT2.5 than DT1.3. This lead needle lift to start earlier and to accelerate more quickly for DT2.5 than DT1. Figure 6 shows comparison of computed nozzle needle lift and nozzle needle velocity characteristics. Because the nozzle opening delay with respect to the current signal is clearly dependent on the difference value of p dc and p cc , so as to the opening pressure: The higher this pressure is, the lower the delay is and the higher the rate of opening is. It results that for DT2.5, the nozzle opening delay is approximately 0.35 ms, whereas for DT 1.3, the nozzle opening delay is approximately 0.38ms. It is also shown that for the higher opening pressure, the nozzle needle lift is higher and the nozzle closes later. It results that for DT1.3, the nozzle closure delay is approximately 0.59 ms, whereas for DT 2.5, the delay is approximately 0.71ms. Therefore, the combined effects of a shorter nozzle opening delay and a retarded nozzle closure result in an injection duration that is much longer in the case of the higher opening pressure.
Numerical Simulation Analyses
Over and above, it is clear that the average inject pressure for DT 2.5 is higher than DT1.3. According to Eq. (9), the higher inject pressure and the higher nozzle needle lift lead to higher flow rate. In summary, the true reason for the different injected mass has to be found in the nozzle opening pressure, which exerts its influence through the injection duration and flow rate. This also explains why the inlet pressure wave after injections and the multiple-injection fuel mass fluctuation share the same period time, nearly 2.2 ms for pipe 60cm, at 100MPa.
Conclusions
Because of the major role of the unsteady multiple-injection fuel mass fluctuation with dwell time in precise control of common rail injection system, the mechanisms of the second injection fuel mass fluctuation in multiple-injection were analyzed through numerical process.
The water hammer induced pressure oscillations wave after the injection, which travel inside the common rail system, influence injector working characteristic, especially hydraulic pressure, the movement of control plunger and nozzle needle.
It can be deduced that high opening pressures give rise to high injected mass through an increase of flow rate and the injection duration by both advancing the nozzle opening and delaying its closure. So pressure oscillations induced unsteady multiple-injection fuel mass fluctuation with dwell time.
